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1 | INTRODUCTION

Yihui Wu?? |

Mingbo Chi’ | Sujun Gao* | Quan Wang’

Abstract

Raman spectra of clinical samples are often affected by both the substrate and
background fluorescence. The overlay of the substrate spectrum, biological
Raman spectrum, and the fluorescence spectrum significantly affects the
identification of biometrics. In this paper, we propose a specific-scale analysis
algorithm and a zero-order Savitzky—Golay filtering algorithm combining local
minima to separate the substrate and background fluorescent, respectively.
The specific-scale analysis algorithm based on wavelet transform can realize
the linear separation of the substrate spectrum through multiresolution
analysis. The zero-order Savitzky-Golay filter algorithm combining local
minima is an empirical algorithm. It estimates the background fluorescence by
building a smooth curve that passes through local minima. We tested our
algorithms with simulated spectra and with the Raman spectra of clinical
biosamples recorded on glass. The analysis results of three gastric cancer cell
lines indicated that the classification error of the processed spectrum decreased
significantly.

KEYWORDS

background fluorescence, glass substrate, Raman spectrum, specific-scale analysis, zero-order
Savitzky-Golay filter

in molecular components associated with cell carcino-
genesis and can achieve accurate and rapid identification

Spontaneous Raman spectroscopy has been widely used
in the field of cancer diagnosis.[1‘6] Raman spectra based
on molecular vibration characteristics can detect changes

of cancerous cells through statistical analysis.”"*!
Compared with surface-enhanced Raman spectroscopy
(SERS), spontaneous Raman spectroscopy is highly
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repeatable!?; therefore, it is more suitable for

the establishment of a standard library for cancer
diagnosis. Moreover, spontaneous Raman spectroscopy
has significant clinical application value because it is
label-free, nondestructive, and involves lower cost.
However, the Raman spectra of biological samples
contain signals representing irrelevant information
such as the fluorescence spectrum and substrate
spectrum,'**! which makes it more challenging to
identify the Raman spectra of the trace biomolecules and
can have a significant impact on subsequent statistical
analysis."*'*! Glass slides, which are widely used in
biology and medicine, produce a strong Raman signal
and have a greater impact on the Raman signal of
biological samples.'® It is generally believed that the
biological slide raw spectrum S can be divided into three
parts, including the real Raman spectrum R of the
biological sample, the bioluminescent background signal
F, and the glass substrate signal G, regardless of
noise.'”*! However, it is difficult to separate the three
unknown spectra owing to the presence of the glass
spectrum, which contains both broad-spectrum
information similar to fluorescence and narrow-spectrum
information similar to a Raman spectrum. Fluorescence
occurs concurrently with Stokes Raman scattering upon
laser excitation.®) Mathematical processing is one of the
most commonly used fluorescence suppression methods
for Raman spectroscopy analysis. It is generally believed
that fluorescence changes much more slowly than the
Raman signal.ml The low-frequency spectrum obtained
by methods, such as wavelet transformation,!*~%*
polynomial fitting,'**>*! morphological analysis,!
and local average,[zg’m is considered to yield the best
estimate of the background fluorescence. Mathematical
processing is also a feasible method for removing the
substrate spectrum. It is a relatively simple method in
which the spectra of the glass substrate are collected near
the sample and are then subtracted from the raw spectra.
However, because of the masking of the sample, the
surrounding glass spectrum cannot completely represent
the glass substrate below the sample. To separate the
three components mixed in the spectrum, it is necessary
to introduce reference spectra. Beier and Berger''” used a
polynomial to simulate the fluorescent background and
introduced a standardized glass spectrum as the reference
spectrum. The coefficient of the reference spectrum and
the polynomial were then calculated by solving for the
minimum values of the multivariate functions. This
method can simultaneously estimate the contributions of
the fluorescent and the glass substrate. Kerr et al.'®)
proposed an extended multivariate signal correction
(EMSC) method that could also achieve separation of
the three spectra. The algorithm is implemented via

26-28]

an adapted version of MATLAB's polyfit function.
Furthermore, it requires three reference spectra: a
standardized glass spectrum, a mean spectrum of the
sample without the glass substrate and fluorescence, and
a polynomial background. Other methods have also been
proposed.'”)  However, these methods require a
polynomial to simulate the fluorescence background, and
it is difficult to find a suitable polynomial that perfectly
simulates the background fluorescence in a diverse
biological environment. The order and initial value of the
polynomial significantly affect the accuracy and speed of
the calculations. Therefore, it is necessary to develop an
accurate and rapid method to solve this problem.

In this paper, we propose a specific scale analysis
(SSA) algorithm and a zero-order Savitzky-Golay
filtering algorithm combining local minima (LM-SG) to
separate the substrate and fluorescence, respectively. In
the SSA algorithm, the raw spectrum and the reference
spectrum are decomposed by a fast wavelet transform
(WT), and the glass spectrum can be extracted indepen-
dently by comparing the characteristics of different
scales. The LM-SG algorithm is a smoothing method
based on the SG filter. The fluorescence can be estimated
by constructing a smooth curve across the LM. Both
methods were tested using synthetic spectra, simulation
spectra, and real Raman spectra, which are widely used
in the field of fluorescence removal.*?! The results of
principal component analysis (PCA) show that irrelevant
information in the spectrum can be ignored after
treatment. In addition, the scalability of the SSA
algorithm is verified by taking a silica substrate as
an example.

2 | METHODOLOGY
2.1 | SSA algorithm

Based on the uniform stability of glass, the glass
spectrum G can be represented as the product of a
coefficient ¢ and a reference spectrum g The Raman
spectra of clinical samples can then be expressed as

S=R+F+cxg. (1)

Figure 1 shows the wavelet-scale characteristics of the
three spectra. From the spectral features, we can see that
the glass signal contains not only the low-frequency
signal close to the fluorescence but also a signal similar
to the fluorescent signal and the Raman signal. To extract
the real Raman spectrum, it is preferable to start with a
minimum number of variables. The decomposition and
extraction of a specific spectral scale are effective ways to
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reduce the variables. Multiresolution analysis, also
known as multiscale analysis, is an essential basis for the
multiscale decomposition of the WT.1*3! According to the
one-dimensional WT, the raw spectrum S can be repre-
sented as
S(= ap(k)ej0)+ D> dikwy(e),  (2)
- .

J=jo k

where ¢ is the horizontal coordinate of the spectrum (i.e,
the wavenumber), k represents the position of the func-
tion along the horizontal coordinate, j determines the
width of the function, jO is any starting scale, ajo(k) is an
approximation or scale coefficient, di(k) is the detail or
wavelet coefficient, y is the basic wavelet or mother
wavelet, and @jo(f) is the scale function or father
wavelet.

Owing to the difference in scale between the real
Raman signal R and the background fluorescence F, fluo-
rescence information only appears in large-scale spaces.
When decomposed to a certain level n, the influence of
the scale coefficient on Raman signal can be neglected. If
we remove all scales greater than n in the spectrum, the
remaining spectrum contains only the real Raman
spectrum R and the partial glass Raman signal G,. The
two signals satisfy the linear superposition relationship:

S(0)= ", aor(K)@jor(t) + (3)
S D () +
c (Zka;o,pg(k)fpjo,k(t) +> dej,pg(k)y/j,k(t)) .

The subscripts R and pg represent the real Raman
spectrum and the partial glass Raman spectrum, respec-
tively. Therefore, we only need to decompose both the

fluorescence

raw Raman spectrum and the reference spectrum at a
specific level of n and extract the components with a
scale less than n. Subsequently, we can estimate the
coefficient of the glass spectrum by linear fitting of the
two extracted spectra. The corresponding decomposition
level and the wavelet in the SSA algorithm are discussed
in the experimental section.

2.2 | LM-SG algorithm

After the glass substrate is removed, the method of
removal of the background fluorescence is a prevalent
topic. We tend to set some local minimum points and
subtract any smooth polynomial curves that pass through
these points to remove the background fluorescence
when dealing with a biological Raman spectrum. On this
basis, a zero-order SG filtering algorithm combining LM
is proposed to estimate the background fluorescence
automatically. Iteration of the cubic spline curve is used
to find the local minimum, and iteration of the SG filter
is used to construct a smooth curve. The SG filter is a
typical local polynomial fitting algorithm, and the zero-
order SG filter is a good quality smoothing filter.!?:3"!
The key to estimating the baseline using the SG filter is
to set an appropriate frame length. By comparing spline
curves with different interpolation intervals, we can
quickly identify the local minimum points in the sample.
The maximum interval of these local minimum points is
the ideal length of the SG filter for baseline estimation.
The flow chart of this process is shown in Figure 2.
The calculation steps are as follows:

1. Extract the data points from sample Y at the same
interval;

2. The sampling points are fitted using a cubic spline
curve, and the size of the samples after fitting should
be consistent with the raw spectrum.
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3. The fitted result Y; is compared with the previous
result Y; _ ;, and the minimum value of the
corresponding position is extracted as the spectrum.

4. When the last two fitting results are completely
consistent, the sampling interval i is recorded.

5. Calculate the fluorescence using zero-order SG
filtering with a frame length ranging from 2 to i.

In addition, the final curve obtained by spline
interpolation fitting can also be regarded as an estimate
of the background fluorescence. However, the result is
less smooth. While the Raman spectrum with 523-nm
excitation light source has a wavelength range of

Raw
spectrum S Wavelet Analysis thg
decomposit specific
Reference on scale
glass
spectrum g N
Spectra Estimate
Sampling without glass
substrate coefficient d
Find local Zero-order
e . Fluorescent
minimums SG filtering

FIGURE 2 The flow chart of SSA and LM-SG algorithm
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approximately 50 nm in the 400-1,800 cm™' range, the
fluorescence spectrum does not fluctuate significantly
within this range. Therefore, we chose a relatively
smooth zero-order SG filter for fluorescence estimation
when extracting a biological Raman spectrum.

3 | SIMULATED AND
EXPERIMENTAL SPECTRA

The two algorithms were tested using synthetic spectra,
simulation spectra, and real Raman spectra. It is
assumed that any noise in the spectra has been
adequately processed.

3.1 | Raman spectroscopy system

The Raman spectrum was collected using a Raman
spectroscopy system built in our lab. The system uses a
523-nm excitation light source (200 mw). The laser is
focused through a 50X microscope objective (Olympus)
into a 2-pm spot. An Andor CCD camera is used to detect
the Raman signal after dispersion. The Raman spectra
covering the 400-1,800 cm™' spectral range were
recorded, and the resolution of the spectrometer was
approximately 2 cm™'. In our study, a neutral density
filter (THORLABS NE06B) was used to attenuate the
laser intensity, and the exposure time was 20 s. The
schematic of the experimental system is shown in
Figure 3. All cell lines used in our experiments were pro-
vided by the First Bethune Hospital of Jilin University.

%Q%or

Lens G

FIGURE 3 The scheme of the
experimental system [Colour figure can be
viewed at wileyonlinelibrary.com|
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3.2 | Synthetic spectra

In this study, seven Lorenz peaks were used to simulate
the Raman spectrum,[z’z] and the expressions of the
Lorenz curve are as follows:

a

y= b* + (x—c)?

k]

where % is the peak height, b is the half-height width,
and c is the position of the peak.

The parameters of the synthetic Raman spectrum are
listed in Table 1.

Flat, linear, Gaussian, and sigmoidal curves were
used to simulate the background fluorescence.

The flat background can be represented by any
constant, which was set to 0 in this study.

The expression for the linear background is

TABLE 1 The parameters of Lorenz curve used for
constructing the synthetic Raman spectrum

RAMAN
spECTRoscopy— YVILEY
B = i .
50

The expression for the Gaussian background is

;:71200)2

By =10~ (&

The expression for the sigmoidal background is

_ 20
$7 1 4 e—001(x—1100)°

where B is the intensity of the background fluorescence
and x is the Raman shift.

The mean spectrum of 10 slides was used as the glass
substrate spectrum. The synthetic spectra can be used to
evaluate the adaptability of the two algorithms to
different fluorescent backgrounds and the influence of
the two parameters in the SSA algorithm. The results are
shown in Figure 4.

3.3 | Simulation spectra

a 400 2,000 800 4,000 600 4,000 800
10 10 10 20 10 20 10
To demonstrate the effectiveness of the SSA and LM-SG
c 500 800 950 1,000 1,050 1,300 1,600 . . . . .
algorithms in practical applications, we tested both
60r
30r
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87 7 40/
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FIGURE 4 Processing results of simulated spectra with different fluorescence backgrounds: (a) flat background, (b) linear background,
(c) Gaussian background, (d) sigmoidal background; four colors, respectively, represented the raw spectrum (green), the removed glass
substrate spectrum (red), the recovered spectrum (blue), and the residual between the recovered spectrum and the synthetic Raman
spectrum (cyan) [Colour figure can be viewed at wileyonlinelibrary.com]
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algorithms using the simulation spectrum containing a
fetal bovine serum’'s Raman spectrum and a glass sub-
strate's spectrum. The fetal bovine serum was placed on
the surface of a calcium fluoride substrate. Calcium fluo-
ride, an alternative substrate material in Raman research,
exhibits a feature spectrum before 400 cm™* and a weak
Raman signal from 500 to 700 cm ™. The calcium fluoride
substrate spectrum cannot be ignored when the sample is
thin. In our experiments, this phenomenon was not
considered because of the high concentration and
thickness of the serum. The spectra of the serum and
glass substrate were collected, as shown in Figure 6a. A
third-order SG filter was used to remove the noise in the
two spectra, and the frame length was 15. The glass
spectrum was normalized and multiplying by 500 and
was added to the Raman spectrum of the serum. The
spectrum was processed by our method and the Beier
method, respectively.

3.4 | Experimental spectra

The goal of this study was to extract the Raman spectra of
the biological components of clinical samples such as tis-
sue slices and cell smears; therefore, testing with
biological samples was considered essential. In this study,
59 spectra of three different gastric cancer cell lines
(BGC823, MGC803, and SGC7901) and 60 spectra of
leukemic cell lines (HL60 and Jurkat) recorded on glass
slide were tested. The spectra of each slide were probed at
three different random points, and the average was used
as the reference spectrum. All spectra of samples were
processed using the combined SSA and LM-SG
algorithms and the Beier method. Subsequently, the raw

2.0 —=— Flat background

—— Linear background
—— Gaussian background

i
m
g 1.0
" \
0.5 '!
\.
2E5nS858555558555535528899998 9 00RGEARSS
SR A G L A AL F st s - s
(a) LB Lo Rine
Wavelets
FIGURE 5

—— Sigmoidal background

RMSE

spectra and processed spectra were, respectively, analyzed
by PCA and linear discriminant analysis (LDA), which are
widely used for the cluster analysis of Raman spectra.!'®34

4 | RESULTS AND DISCUSSION

4.1 | Synthetic spectra

Figure 4 demonstrates the adaptability of the two
algorithms to different fluorescent backgrounds. The two
algorithms can separate the three spectra well under dif-
ferent fluorescent backgrounds. The absolute value of
residuals between the recovered spectrum and the
synthetic Raman spectrum is small, and most values are
less than 0.1, which is much lower than the intensity of
the Raman peaks. The SSA algorithm is not affected by
the fluorescence-removed method applied. SSA can
individually remove the glass substrate and in
combination with any de-fluorescence method, which
provides more possibilities for subsequent improvement.

4.2 | Wavelet and decomposition level

The key to applying the SSA algorithm is to find the
appropriate wavelet and decomposition level. To explore
the influence of these two parameters, we selected
different wavelets and different decomposition levels to
process the Raman spectra with four different back-
grounds. The root mean square error (RMSE) value
between the processed spectrum and the ideal spectrum
was then calculated. The results are shown in Figure 5,
and the RMSE is calculated as

22 L —=— Flat background
20 —o— Linear background
181 —— Gaussian background
w6l —v— Sigmoidal background
14|
12|
0]
o
of
af
ot
01 2 3 4 5 6 7 8 9 10
(b

Decomposition level

(a) The RMSE of the four backgrounds under different wavelet when the decomposition level is 8; (b) the RMSE of the four

backgrounds under different decomposition level when the wavelet is ‘sym11’ [Colour figure can be viewed at wileyonlinelibrary.com]
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(a) Fetal bovine serum Raman spectrum on calcium fluoride and a glass reference spectrum; (b) the simulation spectrum

and the processed results by SSA and LM-SG algorithm and Beier method, respectively; (c) Raman spectrum of fetal bovine serum on silica

and the recovered spectrum processed by SSA and LM-SG algorithm; the shadow portion represents the feature segment of the substrates

[Colour figure can be viewed at wileyonlinelibrary.com|

where y. and y, represent the recovered spectrum and
the real spectrum, respectively, and n is the length of the
spectrum.

The Daubechies family wavelets are commonly used
in background elimination methods.*>>”) The Symlet
family wavelet is developed based on the Daubechies
family wavelet; it has better symmetry and can reduce
the phase distortion in the analysis and reconstruction of
signals. Figure 5 shows that the Raman spectra of four
types of fluorescent backgrounds can be better recovered
using the ‘sym11” wavelet when the decomposition level
is 8. When the decomposition level is 1-3, the RMSE
values are almost unchanged. This indicates that all
Raman signals are completely removed at this time; the
remaining spectra are only noise components, and
the results are meaningless. With an increase in the
decomposition level, part of the biological Raman signal
is retained, and the glass spectrum is completely
removed. However, in this case, the reference spectrum is
not valid; therefore, the error is large. When the level is
increased to 8, the fluorescent background is completely
removed, and the remaining spectrum contains only the
real Raman spectrum and the glass spectrum
corresponding to the reference spectrum. Therefore, the
glass coefficient can be easily obtained by linear fitting.
The analysis results for the different wavelets and
decomposition levels also indicate that the SSA algorithm
is not affected by fluorescent background.

4.3 | Simulation spectra
In Figure 6, the glass coefficient estimated by the SSA

algorithm is 499.8055, which is close to the actual value
of 500. The glass coefficient estimated by the Beier

method is 610.8831, which is significantly larger than the
actual value. The error is caused by the order and initial
value of the polynomial. The result obtained by the Beier
method has obvious characteristics of second-order
polynomials, while the real spectrum was completely
recovered in the specific region of its glass spectrum
when the SSA and LM-SG algorithms were applied. This
indicates that the SSA algorithm can fully meet the
analysis requirements for the actual detection and
has strong adaptability to the complex background
fluorescence in biological samples. In addition, the SSA
and LM-SG algorithms can be used not only for the
Raman spectra of glass materials but also for other
materials with similar characteristics. The silica Raman
spectrum, a common interference factor in fiber Raman
spectroscopy, dramatically affects the application of fiber
Raman spectra in vivo detection.'®3® To explore the
treatment capacity of our method regarding biological
samples on a silica substrate, we placed 50 pl of fetal
bovine serum on the surface of a silica substrate and
collected the Raman spectrum and substrate spectrum
after drying naturally. Subsequently, the SSA and LM-SG
algorithms were used to remove the substrate and
background fluorescence. The results are shown in
Figure 6c. After applying SSA and LM-SG algorithms, the
silica substrate spectrum (shaded region) was almost
completely removed. Therefore, we can conclude that the
SSA algorithm also has practical value in the background
correction of fiber Raman spectroscopy. Provided that the
substrate material is uniform and stable, the SSA
algorithm can remove the substrate spectra contained in
the Raman spectra of biological samples.

4.4 | Clustering analysis
We used the common PCA method to reduce the

dimensions of the spectra of the three cell lines. The first
three PC scores were tested by analysis of variance
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(ANOVA) (a type of variance analysis widely used in sta-
tistical analysis), and the statistical differences of the first
three PCs were significant (P < .01). Subsequently, LDA
was used to classify further the first three PCs (Figure 7),
and 10-fold cross-validation was used to estimate the clas-
sification error. The spectrum processed by the SSA
and LM-SG algorithms exhibits a visible clustering
distribution having clear boundaries and can be
effectively distinguished. The influence of glass signals at
1,000-1,200 cm™" can be ignored, as shown in Figure 7e.
In contrast, it is difficult to separate the three cell lines
when the spectra are unprocessed or are processed by the
Beier method. The PC coefficients of the first three PCs
indicate that glass signals in the untreated spectra and
the spectra processed by the Beier method have a
significant impact on the results of the PCA. Because the
second-order polynomial is used to simulate the
fluorescent background in the Beier method, obvious
characteristics of the glass spectrum and the second-
order polynomial are present in the PC coefficients.
This dramatically increases the analysis error. The
classification error of the spectra processed by our algo-
rithm is 13.56%, which is less than the 37.29% and 42.37%
errors achieved by the unprocessed spectra and the Beier
treatment, respectively. In the classification of multiple
samples, the linear discriminant method may not
accurately describe the boundary, resulting in a large
classification error. Therefore, a forward neural network
was used for further verification. The results show that
the classification error of the spectrum processed by our

algorithm is only 1.67%, whereas the classification errors
using the Beier method and without processing are 25%
and 22.33%, respectively. The results of the two different
classification methods indicate that the glass Raman
signal and background fluorescence in the biological
sample spectrum can be effectively removed by using the
proposed SSA and LM-SG algorithms and can effectively
improve the accuracy of Raman spectral classification.

We further tested the stability of the two algorithms
when the Raman signal was weak. In this experiment, a
set of leukemic cell lines where glass signals and
fluorescent backgrounds were much stronger than the
Raman signals were tested. The results are shown in
Figure 8. In the untreated spectrum, the glass and
fluorescence signals are the main components of the
spectral information and have a dominant influence on
PCA. Although classification is apparently possible in
this case, the uncertain effects of background spectra are
not desirable. The spectral PCs processed using SSA and
LM-SG contain almost no background interference, and
we can clearly distinguish the Raman spectrum peaks
near 1,095 and 1,128 cm™, which represent distinct types
of leukemia.5, 39 This is the desired result.

4.5 | Method comparison
To intuitively illustrate the advantages of the SSA and

LM-SG algorithms, we compared the RMSE values of the
synthetic spectra processed by several conventional
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FIGURE 7 The PCA-LDA classification results (the gray line is the classification line) and their corresponding principal component
coefficients of different processing methods. (a,d) Remove noise only; (b,e) processed by SSA + LM-SG algorithm; (c,f) processed by Beier method

[Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 2
by several common methods

The RMSE values of the synthetic spectra processed

Flat Linear Gaussian Sigmoidal
SSA + LM-SG  0.3434  0.5596 0.6972 0.7418
Beier 4.5605  4.7237 4.2229 4.9339
airPLS 3.0742  1.9145 2.1305 1.9149
SSA + airPLS 0.5648  1.6022 0.788 1.0089
SSA + WT 23141 2.3242 2.3174 2.315

Abbreviations: airPLS, adaptive iteratively reweighted penalized
least squares; LM-SG, zero-order Savitzky-Golay filtering algorithm
combining local minima; RMSE, root mean square error; SSA, spe-
cific scale analysis; WT, wavelet transform.

methods, as shown in Table 2. In this section, we
introduce the adaptive iteratively reweighted penalized
least squares (airPLS)*! method and the basic WT to
remove fluorescent backgrounds. The polynomial order
in the Beier method and airPLS is set to 2.1'71%31 The
parameters in the WT are the same as in SSA. The RMSE
values indicate that the glass and fluorescent components
in the spectrum cannot be completely removed using
only the de-fluorescence method. After removing the
glass substrate spectrum using the SSA algorithm, the
fluorescent processing algorithm can then significantly
remove the background fluorescence, and the LM-SG
algorithm has excellent advantages over traditional
polynomial fitting and wavelet transformation methods

-0. 0ﬂOO 600 800 1000 1200 14010 1600 1800
(d) Wavenumber/cm’

in removing fluorescent backgrounds. Thus, SSA and
LM-SG algorithms are demonstrated to be practical and
significant for glass substrate removal and background
fluorescence correction. We further evaluated the
running time of the SSA and Beier methods. A total of
59 samples were used in the experiment, and the final
average running time was obtained after five runs on
each sample. The average run time of the SSA algorithm
was 6.19 s, which is considerably shorter than the 15.09 s
required by the Beier method.

5 | CONCLUSION

The SSA and LM-SG algorithms can effectively remove
the substrate spectrum and fluorescence spectrum in
clinical biological samples. The algorithms are not
affected by the initial value and are highly adaptable to
different types of fluorescent backgrounds. Compared
with the raw spectrum, the spectrum after removing the
substrate and the fluorescent background spectra is more
conducive to the subsequent analysis of biological
samples when using Raman spectroscopy. The precise
processing of Raman spectra of clinical samples has
a major positive influence on the diagnosis and
classification of diseases. These two methods are simple
to operate, which makes them an effective pretreatment
method for clinical Raman diagnosis. Accurate extraction
of biological samples of Raman spectra allows us to
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perform rapid Raman testing on larger numbers of clini-
cal samples and provides broader application prospects
for Raman spectroscopy.
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